1. INTRODUCTION
===============

Among the various abiotic stresses, plant growth and development is significantly affected by soil salinity \[[@r1]\]. High salt concentration affects the plant, mainly by osmotic and ionic stress \[[@r2]\]. Plants develop various defense mechanisms to maintain appropriate ion homeostasis by actively excluding the ions from the cell or partitioning them into the vacuole \[[@r3], [@r4]\]. Among these ions, sodium ion (Na^+^) is the primary source of toxicity in cells, which causes plant growth inhibition. Higher Na^+^ yields low concentrations of K^+^ in the cell (because of its ability to compete with K^+^), thereby affecting the activity of many essential enzymes \[[@r5]\]. Plant cells maintain ion homeostasis by maintaining appropriate K^+^/Na^+^ ratio in the cytoplasm, to provide optimal conditions for biochemical and metabolic activities \[[@r6], [@r7]\]. SOS (Salt Overly Sensitive) pathway, which is responsible for the maintenance of Na^+^ and K^+^ concentration in a cell, comprises of three proteins namely, SOS1, SOS2 and SOS3 \[[@r6], [@r8]\]. It has been reported earlier that the activation of Na^+^/H^+^ antiporter AtSOS1 by salt stress is controlled *via* phosphorylation by AtSOS3 and AtSOS2 proteins \[[@r9]\]. The carboxy-terminal regulatory domain of AtSOS2 interacts with AtSOS3 through the FISL motif \[[@r10], [@r11]\]. SOS3 is a calcium binding protein and belongs to EF-hand type family of proteins in arabidopsis. This unique family of proteins show similarity with animal β-subunit of calcineurin and animal neuronal calcium sensors \[[@r12], [@r13]\]. Co-expression of SOS2 and SOS3 protein along with SOS1 has shown higher tolerance to salt stress in sodium transport deficient yeast mutant than expression of independent SOS2 or SOS3 proteins, thereby indicating the role of SOS2-SOS3 complex in the activation of SOS1 \[[@r11]\]. SOS2-SOS3 interaction in SOS pathway has also been shown by *sos3/sos2* double-mutant analysis in arabidopsis \[[@r14]\]. It has also been observed that *sos1*, *sos2* and *sos3* mutants are hypersensitive to Na^+^ and Li^+^ ions, thus confirming the importance of these proteins in salinity tolerance in plant \[[@r8]\]. Further, transgenic arabidopsis plants overexpressing different SOS proteins, individually or in combinations, have shown increased tolerance to salinity stress \[[@r15], [@r16]\].

*Brassica* is an important oil seed crop, which diverged from arabidopsis around 14.5-20.4 million years ago from a common ancestor \[[@r17]\]. In the family Brassicaceae, comparative genetic mapping has revealed co-linear chromosome segments \[[@r18], [@r19]\] with linkage arrangements been reported between arabidopsis and *B. oleracea* \[[@r20]\]. Rana *et al.* \[[@r21]\] have reported that the *Brassica* genome has duplicated or possibly triplicated with the corresponding homologous segments of arabidopsis. Sizes of genomes of various Brassica species are significantly higher than arabidopsis (125Mb) and range from 529-696 Mb for the diploids and 1068-1284 Mb for polyploids \[[@r22]\]. It is also presumed that few novel gene interactions might have evolved potentially by sub-functionalization and/or neo-functionalization of paralogs \[[@r23]\]. Recently, we have reported the transcriptome-based genome assembly of *B. juncea* var. CS52 - a salt tolerant variety \[[@r24]\]. One of the key findings of this study is that *B. juncea* has higher transcript abundance of various stress related genes from different metabolic pathway and it is able to tolerate salinity stress by efficient ROS scavenging machinery. However, the detailed investigations about how this homeostasis is maintained, is yet to be discovered at molecular level.

In an earlier study, we have shown that SOS pathway-related genes show strong correlation with salinity tolerance in *Brassica* species \[[@r25], [@r26]\]. We have also shown the direct effect of Ca^2+^ chelator, EGTA, on stress inducibility of *BjSOS3*, thus establishing its calcium sensing nature. Recently, *in silico* interactions of BjSOS2 and BjSOS3 of *Brassica juncea* have also been shown \[[@r27]\].

In the present study, based on BiFC analysis, we have shown *in vivo* interaction of BjSOS2 with BjSOS3 by co-expressing these proteins in onion peel epidermal cells. We have also studied qRT-PCR-based transcript abundance of BjSOS1, BjSOS2 and BjSOS3 in contrasting genotypes of *Brassica,* under salinity stress and ABA treatment. Most importantly, we have shown that *BjSOS3* allele isolated from *B. juncea* could functionally complement the *ΔAtsos3* mutant, thereby showing the structural and functional conservation of SOS pathway across the plant genera.

2. MATERIALS AND METHODs
========================

2.1. Plant Growth
-----------------

Seeds of *B. juncea* var. CS52 and *B. nigra* obtained from ICAR-CSSRI, Karnal, India were thoroughly washed with de-ionized water and germinated in hydroponic system, filled with half strength Hoagland's medium. The hydroponic setup was kept in the plant growth chamber for 48 h in dark and then exposed to light and kept under control condition 25±2°C, 12 h light and dark cycles. *Brassica* seedlings were grown for nine days in hydroponics with continuous air bubbling and renewal of nutrient media after every two days.

2.2. Stress Treatment, RNA Isolation and cDNA Synthesis
-------------------------------------------------------

For salinity and ABA stress treatment, hydroponically grown nine day old seedlings of Brassica spp. were transferred to ½ Hoagland media containing either 200 mM NaCl or 100 µM ABA respectively. Shoots of *Brassica* seedlings (200 mg), in triplicates were harvested at 0 h, 8 h and 24 h of treatment and total RNA was extracted using Tri reagent (Life Technologies, Rockville, USA) as described by Kumar *et al.* \[[@r26]\]. Total RNA was analysed for its integration and purity, before proceeding for cDNA synthesis. Using cDNA synthesis kit (Fermentas Life Sciences, Burlington, Canada), cDNA was synthesised from 2 µg of total RNA from each sample, as described by the manufacturer.

2.3. qRT-PCR-based Expression Analysis
--------------------------------------

Primers for *BjSOS1*, *BjSOS2* and *BjSOS3* genes were designed with Primer Express 3.0 software (Applied Biosystems, California, USA) using default parameters. To ensure high specificity, we have selected the 3'UTR region of these genes for the purpose of primer designing. BLASTn using the KOME and NCBI databases confirmed the uniqueness of each primer pair to amplify selective genes. The PCR mixture contained 5 μl of cDNA (10 times diluted), 10μl of 2× SYBR Green PCR Master Mix (Applied Biosystems, California, USA) and 4 nM of each gene-specific primer in a final volume of 20μl. The real-time PCR was performed employing StepOne^TM^ Real-Time PCR System (Applied Biosystems, California, USA). All the PCR reactions were performed under the following conditions, 10 min at 95°C and 40 cycles of 15 s at 95°C, 1 min at 58°C in 96-well optical reaction plates. The specificity of amplification was tested by dissociation curve analysis and agarose gel electrophoresis. To minimize any error, two biological samples with three technical replicates each, were taken for the expression analysis of each gene. The expression of each gene in different RNA samples was normalized with the expression of internal control (actin gene from *Brassica*; *BjAct*). Fold change in transcript abundance for each gene in different samples was calculated relative to its expression in *B. nigra* control seedlings using 2^-ddCt^ method \[[@r24]\]. For statistical significance, student's *t*-test was performed using STATISTICA Data Miner software (Version 7, StatSoft, Oklahoma, USA). Results are represented as mean +/- Standard Error (SE).

2.4. Interaction Study of BjSOS2 and BjSOS3 by Bimolecular Fluorescence Complementation Assay (BiFC)
----------------------------------------------------------------------------------------------------

For *in vivo* interaction study of BjSOS2 and BjSOS3, we have employed pSAT series of vectors pair (pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1) wherein two putative interacting proteins are tagged with n-terminal and c-terminal enhanced YFP fragment, respectively (Fig. **S1**). Both full length *BjSOS3* and *BjSOS2* were cloned in pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1 pSAT vector respectively at *Eco*RI and *Bam*HI sites. For revalidation of *in vivo* interaction data, we did the vector swapping and cloned *BjSOS3* and *BjSOS2* full length gene in reverse vectors *i.e.* pSAT-1A-ceYFP-N1 and pSAT-1A-neYFP-N1 respectively. Thereafter, three combinations of constructs -- vector control (pSAT-1A-neYFP-N1 + pSAT-1A-ceYFP-N1), BjSOS3 + BjSOS2 (pSAT-1A-neYFP-N1BjSOS3 and pSAT-1A-ceYFP-N1BjSOS2) and BjSOS2 + BjSOS3 (pSAT-1A-neYFP-N1BjSOS2 and pSAT-1A-ceYFP-N1BjSOS3) were coated on 1 mm gold particles and bombarded on cultured epidermal cell of onion on Murashige and Skoog (MS) agar plates by using PDS-1000 particle delivery system (Bio-Rad, USA). The bombardment parameters were set as distance 85 mm from the macrocarrier to samples; pressure 1100 psi and vacuum 28 inch Hg. After bombardment, onion epidermis on MS agar plate was incubated at 25±2°C in dark for 16 h. YFP fluorescent signals for all the three co-transformed combinations were examined with a confocal laser scanning microscope (Olympus fluoview^TM^FV1000, Japan) in the 514 nm-excitation wavelength at Advanced Instrument Research Facility (AIRF), JNU, New Delhi, India.

2.5. Cloning of *BjSOS3* in Plant Transformation Vector and Raising of Transgenic Arabidopsis
---------------------------------------------------------------------------------------------

To raise arabidopsis plants overexpressing BjSOS3, the full length BjSOS3 gene was cloned at *Nco*I and *Spe*I sites of pCAMBIA1304 under the control of 35SCaMV promoter. Positive clone was confirmed by colony PCR as well as restriction digestion. For complementation assay, construct carrying the 35SCaMV-BjSOS3 was transformed into Agrobacterium strain GV3101 and transformation of arabidopsis mutant line *ΔAtsos3* (CS3869 procured from ABRC) was carried out (Fig. **S2**). Putative transgenic plants (T1) harboring BjSOS3 were screened on Murashige and Skoog (MS) agar medium containing 30 mg l^-1^ hygromycin. To reconfirm the stable insertion of the gene in the genome of plant, tissue PCR was performed in these lines using gene specific primers. Seeds form homozygous plants (which showed positive for tissue PCR of transgene) were further selected (T2) and analyzed for transgene expression. Seeds from homozygous T2 plants were harvested and T3 seedlings were used for complementation assay.

2.6. Complementation Assay for Salinity and ABA Response
--------------------------------------------------------

For complementation assay, T3 arabidopsis seeds were sterilized and vernalized for four days at 4ºC. Seeds were plated on MS agar media and kept in plant tissue culture room for 2 days at 22±2 °C for germination. After germination, four days old seedlings were transferred to MS media or MS media supplemented with NaCl (100 or 200 mM) and root bending assay was performed as described by Zhu *et al.* \[[@r8]\]. After 5 days, seedling growth and survival percentage were compared between *BjSOS3*-complemented lines with the *ΔAtsos3* mutant and wild type plants (WT). For ABA response, four days old seedlings were transferred to MS media or MS media supplemented with 25 µM ABA and photographed after 7 days. Three independent experiments were performed and results are represented as mean +/- Standard Error (n = 15).

2.7. Plant Growth Analysis and Measurement of Na^+^ and K^+^ Content
--------------------------------------------------------------------

For root growth and total biomass accumulation analysis under salt stress, 4 days old seedlings were transferred on MS plate containing 0 or 100 mM NaCl, and after 8 days, root growth and total biomass observations were compared. For estimation of sodium (Na^+^) and potassium (K^+^), seedlings were harvested from the plates and briefly rinsed with distilled water, and dried at 65°C for 24 h. The seedlings were weighed and digested with HNO~3~, and K^+^ and Na^+^ concentrations were determined with flame photometer as described by Xu *et al.* \[[@r28]\]. Three independent experiments were performed for each analysis and data are shown as mean +/- SE.

2.8. Statistical Analysis
-------------------------

For assessing the statistical significance of data, student's *t*-test was performed using STATISTICA Data Miner software (Version 7, StatSoft, Oklahoma, USA).

3. RESULTS
==========

3.1. *BjSOS1*, *BjSOS2* and *BjSOS3* Transcripts are Induced in Response to Salinity and ABA Stress in Contrasting Genotypes of *Brassica*
------------------------------------------------------------------------------------------------------------------------------------------

In order to analyze the constitutive and salinity induced transcript abundance for SOS components, *Brassica* seedlings were subjected to 200 mM NaCl or 100 µM ABA for early (8 h) or late (24 h) duration. Phenotypically, no significant differences were observed after 8 h (early) of salinity or ABA stress in contrasting *Brassica* genotypes. However, at late (24 h) duration of salinity stress, leaf rolling and seedling drooping was observed in *B. nigra* (salt sensitive) genotype (Fig. **[1a](#F1){ref-type="fig"}**). Similarly, at late (24 h) duration of ABA stress, *B. juncea* seedlings appeared more healthy and robust than *B. nigra* seedlings (Fig. **[1a](#F1){ref-type="fig"}**). Further, transcript levels for *BjSOS1*, *BjSOS2* and *BjSOS3* were analyzed in shoot tissues by qRT-PCR. It was observed that, constitutive expression of *BjSOS1*, *BjSOS2* and *BjSOS3* was higher in salt tolerant cultivar *B. juncea* as compared to salt sensitive cultivar *B. nigra*. *BjSOS1* expression in *B. nigra* was found to be induced in response to salinity stress. Under ABA stress, *BjSOS1* expression was induced upto 3 folds higher as compared to the control in *B. nigra.* In *B. juncea,* constitutive expression of *BjSOS1* was relatively higher than *B. nigr*a. Upon NaCl and ABA treatment, the expression pattern was similar to *B. nigra* (Fig. **[1b](#F1){ref-type="fig"}**). Constitutive expression of *BjSOS2* in *B. nigra* was relatively lower than *B. juncea*, but got induced upon salinity and ABA treatment. However, no significant induction in *BjSOS2* expression was observed under ABA treatment in the latter (Fig. **[1c](#F1){ref-type="fig"}**). Transcript abundance for *BjSOS3* was found to be induced by \~2 folds in response to both salinity and ABA again, in *B. nigra.* (Fig. **[1d](#F1){ref-type="fig"}**). In response to salinity stress, *B. juncea* also showed almost 2.5 fold induction. In summation, contrasting genotypes of *Brassica* spp. showed differential regulation of *BjSOS* genes in response to NaCl and ABA stress, with the tolerant genotype maintaining higher transcript levels under both late and early duration of various stress applications, as compared to the sensitive genotype.

3.2. BjSOS3 Interacts with BjSOS2 *In Vivo*
-------------------------------------------

For investigating the predicted protein-protein interactions, bimolecular fluorescence complementation (BiFC) assay was performed. For this purpose, we have employed pSAT series of vectors (pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1) wherein two putative interacting proteins are tagged with n-terminal or c-terminal enhanced YFP fragment, respectively. Both full length *BjSOS3* and *BjSOS2* were cloned at *Eco*RI and *Bam*HI sites of pSAT vector pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1 respectively.

Cloning of *BjSOS3* and *BjSOS2* in both pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1 vectors was confirmed through colony PCR (Figs. **S1a** and **S1b**) as well as restriction digestion (Figs. **S1c** and **S1d**) to yield a positive band of 633 bp and 1333 bp, respectively. Thereafter, vector pair pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1, pSAT-1A-neYFP-N1BjSOS3 and pSAT-1A-ceYFP-N1BjSOS2, pSAT-1A-neYFP-N1BjSOS2 and pSAT-1A-ceYFP-N1BjSOS3 were used for bombardment in onion peel using the particle gun. Onion peel cells transformed with empty pSAT vectors did not show any fluorescence under confocal microscope (Fig. **[2a](#F2){ref-type="fig"}**). However, both the vector pairs harbouring *BjSOS3* and *BjSOS2*, in fusion with either N or C-terminal YFP showed strong fluorescence throughout the cytoplasm indicating a positive interaction between these proteins *in vivo* (Figs. **2b** and **2c**). These results confirm the physical interaction between BjSOS2 and BjSOS3 proteins.

3.3. *BjSOS3* Could Rescue the *ΔAtsos3* Mutant of Arabidopsis Under Salinity Stress
------------------------------------------------------------------------------------

Arabidopsis seeds with knock out AtSOS3 gene (Mutant stock CS3869) were procured from ABRC and used for the complementation assays. Full length *BjSOS3* gene cloned in plant expression vector, pCAMBIA1304 at *Nco*I and *Spe*I sites was used for transformation of the *ΔAtsos3* mutant (Fig. **S2**). Root bending assays were performed in T3 homozygous seedlings and phenotypes of *BjSOS3*-complemented lines with the *ΔAtsos3* mutant and WT arabidopsis seedlings were compared. Morphological observation showed that WT, *BjSOS3*-complemented lines as well as the *ΔAtsos3* mutant seedlings grew well and appeared healthy on control Murashige-Skoog (MS) medium without NaCl supplement (Fig. **[3a](#F3){ref-type="fig"}**). In contrast, on the media containing 100 mM NaCl, the growth of the *ΔAtsos3* mutant was substantially compromised while the complemented lines grew very well (Fig. **[3b](#F3){ref-type="fig"}**). On plates with MS agar media containing 200 mM NaCl, the growth of the *ΔAtsos3* mutant was drastically compromised and chlorophyll bleaching was observed. However, seedlings of the *ΔAtsos3* mutant complemented with *BjSOS3*, showed higher tolerance to salinity and survived on MS agar media supplemented with 200 mM NaCl (Fig. **[3c](#F3){ref-type="fig"}**). It was also found that on the plates containing MS agar media supplemented with 0 or 100 mM of NaCl, all the seedlings of WT, the *ΔAtsos3* mutant as well as the *ΔAtsos3* mutant complemented with *BjSOS3* could survive for 5 days. However, in the presence of higher salinity (200 mM NaCl), the *ΔAtsos3* lines showed a significant reduction in survival, where only 6% seedlings could survive in contrast to 80% survival for the WT seedlings. Interestingly, seedlings of the *ΔAtsos3* mutant complemented with *BjSOS3* showed a response similar to that of the WT where 80% survival rate was recorded under similar stress conditions.

The assay was further extended to the analysis of root bending, which is quick and fast way to determine the relative tolerance in seedlings of arabidopsis towards salinity stress. On plates containing the normal MS media, all the genotypes showed significant growth in the primary root after the plates were kept in inverted position, thereby indicating healthy status of these seedlings. In contrast, on saline growth media (100 mM NaCl), the roots of the *ΔAtsos3* mutant could not grow beyond 1 mm in inverted position, while the WT seedlings showed a growth up to 4 mm in the primary root after the plates were kept in inverted position (Fig. **[3d](#F3){ref-type="fig"}**). This observation clearly shows that 100 mM NaCl is detrimental for the growth of WT arabidopsis seedlings, but it is more so for the *ΔAtsos3* mutant seedlings. Interestingly, the *ΔAtsos3* mutant lines complemented with BjSOS3 gene showed a response similar to that of the WT seedlings, where the primary root could grow up to 4mm in length (Fig. **[3d](#F3){ref-type="fig"}**). Under severe salinity stress, *i.e.* on media containing 200 mM NaCl, none of the seedlings could grow their roots after the plates were kept in the inverted position indicating thereby that these conditions are not physiological for arabidopsis seedlings. Thus, these results conclusively prove the requirement of SOS3 protein for survival under salinity stress conditions. These results also showed that AtSOS3 and BjSOS3 are functionally conserved.

3.4. The *ΔAtsos3* Mutant Complemented with BjSOS3 Show Mutant Phenotype Reversion by Maintaining Ion Homeostasis Under Salinity Stress
---------------------------------------------------------------------------------------------------------------------------------------

For root growth and total biomass accumulation analysis under salt stress, we transferred 4 days old seedlings of WT, the *ΔAtsos3* mutant and the *ΔAtsos3* mutant complemented with *BjSOS3* on MS plate containing 0 or 100 mM NaCl, and observed their growth parameters for 8 days. Under control conditions, wild type plants, the *ΔAtsos3* mutants and BjSOS3 complemented lines displayed relatively uniform growth phenotype. However, when treated with 100 mM NaCl, growth of the *ΔAtsos3* mutant was drastically compromised, as compared to BjSOS3 complemented lines. Thus, expression of BjSOS3 in the *ΔAtsos3* mutant plants substantially alleviates the growth retardation imposed by moderate salt stress, hence rescuing the mutant phenotype. Analysis of growth parameters such as root length and fresh weight of seedlings showed that all the rescued mutants generally displayed a near-wild-type level of salt tolerance, although with differential extents between different lines (Fig. **[4a](#F4){ref-type="fig"}**). Total fresh weight of seedlings of *ΔAtsos3* transformed with BjSOS3 was found to be higher than the *ΔAtsos3*, but comparable to WT (Fig. **[4b](#F4){ref-type="fig"}**). This data shows that the *Brassica* SOS3 protein can substitute for the corresponding arabidopsis counterpart.

Maintenance of K^+^/Na^+^ homeostasis is an important requirement for salt tolerance. (Fig. **[4c](#F4){ref-type="fig"}**) shows that the K^+^ content in the *ΔAtsos3* plants complemented with BjSOS3 was equal to the mutant and WT under control conditions. However, under salinity stress, the seedlings of *ΔAtsos3* transformed with BjSOS3 accumulated the same level of K^+^ as the WT plants, but more K^+^ than the *ΔAtsos3* plants.

Since the outcome of the functional SOS pathway operative in plants is the efficient ion homeostasis, we decided to check the levels of Na^+^ in these plants, in response to salinity stress. These results indicated that the *ΔAtsos3* accumulated high levels of Na^+^ under salinity stress. On the other hand, Na^+^ contents in the *ΔAtsos3* plants complemented with BjSOS3 were not different from those of the wild type plants (Fig. **[4d](#F4){ref-type="fig"}**), thereby proving the functional conservation of SOS3 across the species.

3.5. The *ΔAtsos3* Mutant Complemented with BjSOS3 Show Enhanced Tolerance to ABA
---------------------------------------------------------------------------------

To see the role of BjSOS3 in ABA response, BjSOS3 complemented arabidopsis mutants were transferred to MS agar plate supplemented with 25 µM ABA and phenotype of these seedlings was observed. *BjSOS3* transcript accumulation in complemented arabidopsis lines BjSOS3C12 and BjSOS3C17 at seedling stage showed constitutive expression of BjSOS3 gene under control conditions (Fig. **[5a](#F5){ref-type="fig"}**). WT and the *ΔAtsos3* mutant arabidopsis does not show any transcript corresponding to *BjSOS3* under similar growth condition. Expression of arabidopsis native AtSOS1 and AtSOS2 in

WT, BjSOS3 complemented lines and the *ΔAtsos3* mutant was also observed using qRT-PCR (Figs. **[5b](#F5){ref-type="fig"}** and **[5c](#F5){ref-type="fig"}**). No significant difference was observed in the *ΔAtsos3* mutant, complemented mutant and WT arabidopsis seedlings as far as the transcript abundance of *AtSOS1* and *AtSOS2* is concerned.

Four days old seedlings of *ΔAtsos3* mutant complemented with BjSOS3 were transferred to MS agar media and observed for the next 7 days. These seedlings showed no phenotypic difference as compared to the *ΔAtsos3* mutant and WT seedlings (Fig. **[5d](#F5){ref-type="fig"}**). Analysis of root growth indicated no significant difference between complemented and mutant arabidopsis seedlings. However, leaf bleaching and root growth inhibition was observed in the *ΔAtsos3* mutant grown on MS media supplemented with 25 µM of ABA (Fig. **[5e](#F5){ref-type="fig"}**). Under ABA stress, BjSOS3 complemented *ΔAtsos3* mutant seedling regain root growth, as compared to the WT or the *ΔAtsos3* mutant seedlings (Fig. **[5f](#F5){ref-type="fig"}**).

DISCUSSION and conclusion
=========================

Salinity is known to be a major impediment to achieve potential yield of a crop plant. Additionally, soil salinization of cultivable agricultural land at alarming rate is of great concerns for fulfilling the food requirement of expanding world population. Genetic diversity in the plant kingdom provides the treasure for selecting salinity tolerant genotypes \[[@r29]\]. It is more useful to search the tolerant plants within same genotype as compared to finding in another genotype \[[@r25]\]. Additionally, study of diploidy and polyploidy within the genera is another convenient strategy for screening tolerant genotypes \[[@r30], [@r31]\]. In most of the cases, polyploid plants are reported to possess higher salinity tolerance than their respective diploids \[[@r25], [@r32], [@r33]\]. SOS (Salt Overly Sensitive) pathway comprising of three major proteins namely, SOS1, SOS2 and SOS3, is an important known mechanism involved in maintenance of Na^+^ and K^+^ homeostasis in plants \[[@r6], [@r8]\]. In terms of gene sequences, this pathway has been shown to be highly conserved, in terms of the gene

sequences, among various plant species \[[@r26]\]. However, it remains to be seen if the members of the family are functionally conserved among plant species. In the present work, we have made an attempt to dissect out such functional conservation between the two members of Brassicaceae family *i.e.* Arabidopsis and *Brassica*.

Gene expression analysis has revealed that constitutive transcript abundance of *BjSOS1*, *BjSOS2* and *BjSOS3* were higher in *B. juncea* (salt tolerant) as compared to *B. nigra* (salt sensitive) cultivar (Fig. **[1](#F1){ref-type="fig"}**). Under salinity stress, these three SOS genes *BjSOS1*, *BjSOS2* and *BjSOS3* members showed differential regulation in contrasting genotypes of *Brassica* species. Expression dynamics presented in this paper are consistent with the previous study in *Brassica* seedlings under salinity stress \[[@r26], [@r27]\]. However, these results are based on qRT-PCR and hence more confirmatory. Under ABA stress, expression of SOS genes increased with increase in stress duration in both the contrasting genotypes. This analysis showed that, these SOS genes are also induced by ABA. Several reports suggest the co-expression of many stress responsive genes under both salinity and ABA \[[@r34]\]. Shi *et al.* \[[@r15]\] have shown that one of the salt stress responsive SOS members SOS5 showed increased expression under 100 µm ABA treatment in arabidopsis.

In SOS pathway, SOS2 interacts with SOS3 and subsequently SOS2-SOS3 complex phosphorylates the Na^+^/H^+^ antiporter SOS1 \[[@r9]\] to stimulate its Na^+^/H^+^ exchange activity at the plasma membrane \[[@r11], [@r35]\]. Using *in silico* tools, Kushwaha *et al.* \[[@r26]\] have shown that BjSOS2 interacts with BjSOS3. We did the interaction study by co-expressing BjSOS2 and BjSOS3 in onion peel epidermal cells and found that they are interacting with each other *in vivo* (Fig. **[2](#F2){ref-type="fig"}**). In a similar study, it was observed that PtSOS2 and PtSOS3 of *Populus* showed *in vivo* interaction in yeast and plant cell \[[@r36]\]. In-depth study of SOS pathway establish the function of SOS3, a calcium sensor with four EF-hand domains and a N-myristoylation signal peptide, senses the salinity induced increase of intracellular calcium \[[@r12], [@r37], [@r38]\], and then activate SOS2, a Ser/Thr protein kinase \[[@r10], [@r14], [@r39], [@r40]\]. Further, we have complemented the *ΔAtsos3* mutant in arabidopsis with *BjSOS3* and performed root-bending assay. Root-bending assay have shown that *BjSOS3*-complemented lines as well as the *ΔAtsos3* mutant seedlings grew relatively well and appeared healthy on MS agar media. However, on MS agar plate supplemented with 100 or 200 mM NaCl, *BjSOS3* complemented lines showed higher survival and more growth in root after bending as compared to the *ΔAtsos3* mutant (Fig. **[3](#F3){ref-type="fig"}**). Root-bending assay is a powerful method to measure sensitivity of plants for salinity in arabidopsis *sos* mutant \[[@r7], [@r8]\]. Shi *et al.* \[[@r9]\] complemented the *sos5* arabidopsis mutant with SOS5 gene isolated from WT and observed similar functional regain and increased tolerance to salinity in root-bending experiments.

We have further performed salinity stress tolerance assay on MS agar plate supplemented with 100 mM of salinity, which showed higher plant vigor and K^+^ content in BjSOS3 complemented arabidopsis plants as compared to the *ΔAtsos3* mutant. Complemented lines accumulate relatively very less Na^+^ as compared to the *ΔAtsos3* mutant (Fig. **[4](#F4){ref-type="fig"}**). These results clearly showed that BjSOS3 of *Brassica juncea* var. CS52 is capable of functionally complementing the *ΔAtsos3* in arabidopsis.

Our findings are in corroboration with the findings of many other researchers showing lesser survival rate and reduced growth with lesser K^+^ content and higher Na^+^ accumulation in the *ΔAtsos3* mutant in Arabidopsis \[[@r8], [@r9], [@r41]\]. SOS3 is the first protein in SOS pathway and we investigated the expression of other downstream SOS members *i.e.* SOS1 and SOS2 in the *ΔAtsos3* mutant under control conditions. A relatively lower constitutive transcript abundance of SOS1 was observed in the *ΔAtsos3*. However, almost same level of SOS1 expression in WT and BjSOS3 complemented line was observed under control conditions (Fig. **[5](#F5){ref-type="fig"}**). Our data is corroborated with similar findings showing very low constitutive expression of SOS1 in shoot and root of sos*3-1* mutant under control condition \[[@r9]\]. However, induction in SOS1 expression was reported under salinity stress in root tissue but expression was unchanged in the shoots. SOS2 expression in the *ΔAtsos3* mutant was equal in magnitude in WT and complemented transgenic lines. In support of our expression analysis, complementation study of SOS2 in arabidopsis *sos3-1* mutant have revealed the low expression levels for SOS2 in arabidopsis *sos3-1* mutant and higher accumulation in complemented arabidopsis seedlings under control conditions \[[@r40]\].

Regaining of original phenotype in the *ΔAtsos3* mutant after complementation with BjSOS3 under ABA stress showed the functional capability of *Brassica* SOS3 protein with the SOS machinery in arabidopsis. In *Aeluropus lagopoids*, salinity and ABA individually or in combination or with signaling molecule Ca^2+^ leads to higher transcript accumulation of SOS pathway genes which supports our stress tolerance assay in arabidopsis seedling \[[@r42]\]. Regaining of near original phenotypes in BjSOS3 complemented arabidopsis may also be linked to the divergence of arabidopsis and *Brassica* from a common ancestor \[[@r17]\]. Supporting the divergence, comparative genetic mapping has also affirmed co-linear chromosome segments \[[@r18], [@r19]\] in the family Brassicaceae and linkage arrangements between arabidopsis and *Brassica oleracea* \[[@r20]\]. In Popular, PtSOS3 complements the *ΔAtsos3* and restore the SOS pathway in arabidopsis \[[@r36]\]. Based on these studies, it can be concluded that SOS pathway components are functionally conserved in *Brassica* species and arabidopsis. We hope that this study will open up new avenues for understanding the salinity tolerance mechanisms operative in diverse plant species, as mediated *via* the SOS pathway.
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![Growth of seedlings of contrasting *Brassica* genotypes in response to high salinity and ABA, and transcript abundance for various SOS pathway members. Nine days old hydroponically grown *Brassica* seedlings were subjected to salinity (200 mM NaCl) or ABA (100 µM). qRT-PCR was performed using the cDNA prepared from total RNA isolated from shoots of the seedlings subjected to salinity stress (200 mM NaCl); or ABA (100 µM) for 8 h and 24 h time period. (**a**). Representative photograph of seedlings of *Brassica* genotypes after 24 h of salinity (200 mM NaCl) or ABA (100 µM). Relative expression of (**b**) *BjSOS1*, (**c**) *BjSOS2* and (**d**) *BjSOS3*. Bar graphs were plotted between stress duration (X-axis) and log 2^-ddCt^ value in number (Y-axis). Gene expression data was normalised with the plant reference gene 'actin' as an internal control. Relative expression of genes was plotted against the expression of *B. nigra* control. The values represented are the mean of two biological and three technical replicates, standard error is shown above the bar. For statistical significance, student *t*-test was performed and asterisk above the graph means significant differences from their respective control (Con) at P ≤ 0.05. (*For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.*)](CG-19-60_F1){#F1}

![*In vivo* interaction of full length BjSOS2 and BjSOS3 proteins. (**a**). Onion peel co-transformed with empty vectores, pSAT-1A-neYFP-N1 and pSAT-1A-ceYFP-N1. (**b**). Onion peel co-transformed with constructs, pSAT-1A-neYFP-N1BjSOS3 and pSAT-1A-ceYFP-N1BjSOS2. (**c**). Onion peels transformed with reverse constructs, pSAT-1A-neYFP-N1BjSOS2 and pSAT-1A-ceYFP-N1BjSOS3. YFP, Yellow fluorescent protein; DIC, Differential interference contrast.](CG-19-60_F2){#F2}

![Complementation of the *ΔAtsos3* mutant with *BjSOS3* gene. Four days old seedlings were transferred to MS media supplemented with (**a**) 0, (**b**) 100 or (**c**) 200 mM of NaCl. Plates were placed upside down to allow seedlings to grow in inverted position for 5 days and pictures were taken. (**d**). Measurement of root growth after bending of the *ΔAtsos3* mutant complemented with *BjSOS3*, the *ΔAtsos3* mutant and WT seedlings shown above. Error bars represent the standard deviation (n = 15). For statistical significance, student's *t*-test was performed and asterisk above the graph means significant differences from WT at P ≤ 0.05. WT, wild type; BjSOS3C12 and BjSOS3C17 are the two representative of the *ΔAtsos3* mutant complemented with *BjSOS3*; *ΔAtsos3,* arabidopsis *sos3* mutant.](CG-19-60_F3){#F3}

![Growth and ion accumulation in seedlings of the *ΔAtsos3* mutant complemented with *BjSOS3* under salinity. Four days old seedlings were transferred to MS agar plates supplemented with 0 or 100 mM NaCl and allowed to grow for 8 days before the observation were taken. (**a**). Primary root length. (**b**). Fresh weight of each seedling. (**c**). K^+^ content in seedlings. (**d**). Na^+^ content in seedlings. For primary root length per seedling and fresh weight per seedling, results are the average from three independent replicates. For K^+^ and Na^+^ estimation, three independent experiments were performed and results are mean +/- SE. Error bars represent the standard deviation (n = 15). For statistical significance, student's *t*-test was performed and asterisk above the graph means significant differences from WT at P ≤ 0.05. WT, wild type; BjSOS3C12 and BjSOS3C17 are the two representative of the *ΔAtsos3* mutant complemented with *BjSOS3*; *ΔAtsos3,* arabidopsis *sos3* mutant.](CG-19-60_F4){#F4}

![Transcript abundance of SOS3 members in BjSOS3 complemented transgenic arabidopsis and their ABA stress response. Transgenic arabidopsis seedlings were grown on MS agar plate and samples were harvested for expression analysis. qRT-PCR was performed using the cDNA prepared from total RNA isolated from whole seedlings. Relative expression of (**a**) *BjSOS3*, (**b**) *AtSOS1* (**c**) *AtSOS2*. Bar graphs were plotted between stress duration (X-axis) and log 2^-dCt^ value in number (Y-axis). Gene expression data was normalised with the plant reference gene 'actin' as an internal control. The values represented are the mean of two biological and three technical replicates, standard error is shown above the bar. For statistical significance, student *t*-test was performed and asterisk above the graph means significant differences from WT at P ≤ 0.05. Four days old seedlings were transferred to MS media supplemented with (**d**) 0 or (**e**) 25 µM of ABA. After 7 days of growth, pictures were taken and (**f**) root length was measured. Error bars represent the standard deviation (n = 15). For statistical significance, student's *t*-test was performed and asterisk above the graph means significant differences from WT at P ≤ 0.05.](CG-19-60_F5){#F5}
